The circadian clock generates a 24-hour rhythm through which physiology and behavior adapt to daily changes in the environment (1) . Many biological processes such as hormone secretion and sleep-wake cycles are controlled by the circadian clock (2) . Therefore, an innate malfunctioning of the circadian clock or a shift between internal circadian rhythm and the external environment can cause various pathologies. Sleep disorders, altered metabolism, obesity, diabetes, mood disorders, cancer, and cardiovascular diseases are all linked to an abnormal circadian rhythm. Also, a decrease in the robustness of the circadian rhythm (amplitude decline) is correlated with different pathologies and chronic diseases such as mood disorders and metabolic diseases. Aging is also associated with dampened amplitude and imperfect timing of the circadian rhythm, and therefore weakening of many clock-controlled physiological processes (3) (4) (5) (6) .
In mammals, the molecular clock is generated by transcription/translation feedback loops (TTFLs). In the positive arm of one of the TTFLs, circadian locomotor output cycles caput (CLOCK) and aryl hydrocarbon receptor nuclear translocator like (BMAL1) form heterodimers and positively regulate the expression of clock-controlled genes including Period (Per) and Cryptochrome (Cry) (7) (8) (9) (10) . In the negative arm of the loop, the PER:CRY complex along with casein kinase I∆ translocates into the nucleus, interacts with CLOCK:BMAL1, and inhibits the transcriptional activity of CLOCK:BMAL1, thereby repressing the transcription of Per and Cry and other clockcontrolled genes. After the PER and CRY proteins are degraded, the transcription repression is relieved, and a new cycle starts. A second feedback TTFL consists of the nuclear receptors RORs and REV-ERBs, which are expressed under the control of CLOCK:BMAL1 and activate and repress the transcription of Bmal1, respectively (11) . A robust and precise circadian rhythm is generated only if the amounts, localization, and activity of the clockrelated proteins are precisely regulated; a process in which several post-translational modifications are involved (12) .
Without a robust and well-aligned circadian rhythm, organisms cannot adapt to environmental changes adequately, which defeats the evolutionary purpose of the circadian clock. To modify a disrupted circadian rhythm, small molecules are of great importance because they have reversible and time-and dose-tunable effects on the system (13, 14) . So far, unbiased screening based on phenotypic changes in the circadian rhythm of reporter cells has resulted in the discovery of multiple clock-modulating small molecules with various circadian phenotypes (15) (16) (17) . One such molecule is KL001, which binds to CRY and stabilizes it (16) . Enhancers of CLOCK:BMAL1 transcriptional activity, and a molecule that augments the repression activity of CRY have been detected by high-throughput screening using mechanistic approaches (18, 19) . Targeting nuclear receptors and protein kinases involved in the circadian clock mechanism has resulted in the identification of ROR agonists/antagonists, REV-ERB agonists (20) , and kinase inhibitors (21, 22) . Structure-based design methods also have been used successfully to identify small molecules that perturb biological systems. Now that the crystal structures of clock proteins are available, this approach has been applied to identify clock-modulating compounds that target clock proteins. The crystal structure of the CLOCK:BMAL1 heterodimer revealed that similar domains in the CLOCK and BMAL1 structures (bHLH, PAS-A, and PAS-B) interacted and provided three protein-protein interfaces (23) . The hollows and clefts that were present on the surface of each protein allowed them to interlock to form a stable interaction. PAS domains, as internal sensors of living cells, can bind different cofactors, so proteins that contain PAS domains are good candidate targets for drug design (24) .
Amplitude is one of the major circadian rhythm parameters, which is defined as a measure of the mean difference between the peaks and troughs of the rhythm. It is commonly used to characterize the oscillator or stability of the rhythm. Several studies have suggested that the amplitude is reduced in older animals (25) . A study in Clock mutant mice showed that CLOCK changed the resetting effects of phase-shifting stimuli by reducing pacemaker amplitude (26) . Furthermore, the stoichiometric relationships between core clock proteins were found to be critical for the robustness and amplitude of circadian rhythms by affecting both the negative and positive feedback TTFLs (27) .
The aim of this study was to find a CLOCKbinding small molecule using a structure-based approach. We started by virtually screening a library of approximately 2 million small molecules, then gradually narrowed down the number of selected molecules using different biochemical and molecular evaluation steps. We identified a CLOCK-binding small molecule (CLK8) that decreased the interaction between CLOCK and BMAL1 interfering the translocation of CLOCK into the nucleus both in vivo and in vitro. Our results show that a decrease in nuclear CLOCK leads to the stabilization of the negative arm of the TTFL and, in turn, enhances the amplitude of the circadian rhythm with no change in period length. Based on its circadian phenotype, CLK8 may be used to improve the low amplitude associated with aging, mood disorders, and metabolic syndrome as well as to improve the effectiveness of cancer treatments.
Results

Molecular Dynamics Simulation and Virtual Screening
First, we applied an energy minimization simulation to refine the atom coordinates of the CLOCK structure (PDB ID: 4F3L (23)) as described previously (28) . After the energy minimization, the temperature of the system was increased to the physiological temperature, 310 K. Then, the simulation was continued with the Langevin piston method for 10 ns. The root mean square deviation (RMSD) analysis of the Cα atoms in the PAS domains showed that the simulation reached equilibration in 1 ns. The final structure of CLOCK at the end of the molecular dynamics simulation was used for the molecular docking. AutoDock Vina (29) was used to perform blind docking of approximately 2 million commercially available small molecules filtered by Lipinski's Rule of Five (30) as described previously (31) . The structures of the top 500 compounds were listed from the highest to the lowest affinity and visually inspected. Compounds with docking positions far away from the CLOCK:BMAL1 interfaces were eliminated. A final number of 100 compounds with affinities ranging from −7 to −10 kcal/mol were selected by considering features such as favorable shape complementarity and diversity in binding region and chemical properties. These top 100 compounds were tested experimentally (see supporting information).
Cell Viability Test
The toxicity of the compounds was assessed by the MTT-based assay using immortalized human osteosarcoma (U2OS) cells treated with the different compounds at different concentrations. Compounds with a relative cell viability of <80% at 1.25 μM were eliminated. As a result, 72 compounds were statistically identified as non-toxic and used for the next characterization step. For the in vitro experiments, the final concentration for each non-toxic compound was set to the maximum concentration at which the compound had at least 80% relative cell viability.
Effect of the Selected Compounds on CLOCK:BMAL1 Interaction and Circadian Rhythm
Our expectation was that the selected small molecules would regulate the interaction between CLOCK and BMAL1. Although the mammalian two-hybrid system (MTHS) is not a quantitative assay that is used to measure the degree of interaction between two proteins, we initially used the MTHS to identify compounds that significantly altered the interaction between CLOCK and BMAL1. We found 24 compounds that significantly altered the CLOCK-BMAL1 interaction without changing the protein level (data is not shown), suggesting that these compounds might modulate the positive arm of the loop at the molecular level. Next, we assessed the effect of these compounds on the circadian rhythm of U2OS cells stably expressing the Bmal1-dLuc luciferase reporter. Each of the small molecules had different effects on the circadian rhythm and were classified as amplitude enhancers, period lengtheners, and amplitude reducers. The subsequent dose-response validation found only four compounds that passed the secondary screening step successfully. To assess the specificity of these four compounds for the circadian rhythm on different genetic backgrounds, NIH 3T3 cells stably expressing Bmal1-dLuc were treated with the four compounds. The amplitudeenhancing compound, CLK8, was selected for further characterization. Until now, none of the reported amplitude-enhancing small molecules directly affected the positive or negative arm of the TTFLs of the circadian clock; indeed, their targets and complex mechanisms of action are still unknown. Some of them caused period shortening in addition to amplitude enhancement, and only one enhanced the amplitude in suprachiasmatic nuclei (SCN) explants from mouse (14) . One possible explanation for not observing the same phenotype in the SCN might be the lack of expression of (unknown) target proteins in the SCN (14) . Because CLOCK is a core component of the circadian rhythm mechanism, an amplitude-enhancing compound that targets CLOCK may have the potential to consistently affect peripheral clocks and SCN. Molecules that regulate amplitude enhancement and dampened amplitude associated with chronic diseases and aging may be used in their treatment (32, 33) . To ensure that CLK8 did not interfere with the luminescence signal itself, we examined the degradation rates of luciferase in HEK293T cells transfected with pcDNA-Luc and treated with CLK8. We found that the half-life of luciferase was unchanged in the cells treated with CLK8, confirming the luminescence signal as an independent and consistent measuring tool ( Fig.  1A) . This result confirmed the idea that CLK8 likely modulates CLOCK:BMAL1 activity.
Effect of CLK8 on Circadian Rhythm
The highest concentration of CLK8 used for the in vitro experiments was 40 μM, which was not toxic to the U2OS cells and had cell viability >80% ( Fig. 1B) . We found that CLK8 enhanced the amplitude of the Bmal1-dLuc signal in U2OS and NIH 3T3 cells in a dose-dependent manner and no period changes were observed in either of the cell lines ( Fig. 1C,D) . Subsequently, we monitored the reporter rhythm before and after treatment with CLK8 to better understand the effects of this compound. The Bmal1-dluc U2OS cells were synchronized and the reporter rhythm was recorded for two days (Fig. 1E) . Then, different doses of CLK8 were added to the cells without replacing the media to prevent any phase resetting (34) . The bioluminescence rhythms were recorded for another four days. We found that the luminescence profiles were the same for all the samples until CLK8 was added. Compared with the results for the DMSO control, CLK8 advanced the phase of the first trough immediately after it was added, and enhanced the amplitude by >50% at 10 μM ( Fig. 1E) . We analyzed the effect of CLK8 on the Bmal2-dluc expressing reporter in Clock-deficient and wild-type MDA MB231 cells. We found that CLK8 enhanced the amplitude in wild-type MDA MB231 cells (Fig.  1F) , and that the CLK8-mediated increase in Bmal1-luc intensity was abolished in the Clock knockout cells at different concentrations of CLK8 ( Fig. 1G ). Finally, we tested the effect of CLK8 on primary mouse skin fibroblast cells (MSF) and found that CLK8 enhanced the amplitude of the circadian rhythm in a dose-dependent manner with no period change, which was similar to its effects on the other cell lines tested (Fig. 1H) . These results suggest that CLK8 specifically binds to CLOCK and results in amplitude enhancement.
Specific Binding of CLK8 to CLOCK
After identifying CLK8 as a promising small molecule for regulating the circadian rhythm amplitude, its ability to physically bind to CLOCK was assessed by pull-down assay using biotinylated CLK8 as bait. The biotinylated CLK8 used in this study was synthesized by Enamine Ltd. (Ukraine) ( Fig. 2A) . Whole cell lysate of HEK293T cells overexpressing Clock and BMAL1 were incubated with biotinylated CLK8 in the absence or presence of the competitor (CLK8). CLOCK was precipitated with the biotinylated CLK8 but not with the unbiotinylated (free) CLK8 (Fig. 2B) . The results showed that CLK8 specifically bound to CLOCK. To eliminate any artifact of the overexpressed system, whole cell lysate of U2OS cells expressing endogenous levels of CLOCK (and BMAL1) were used in a pull-down assay. The difference in the amount of CLOCK between the input sample and the sample precipitated with biotinylated CLK8 revealed that CLK8 had high affinity for CLOCK ( Fig. 2C) . Except for BMAL1, which always was co-precipitated with CLOCK (although in very low amounts), none of the other core clock components were detected as targets for CLK8 ( Fig. 2C) , including NPAS2, a homologue of CLOCK.
We next checked for off-targets of CLK8 using liquid chromatography-tandem mass spectrometry (LC-MS/MS) to analyze the precipitated proteins. Because the amount of precipitated endogenous CLOCK was insufficient to be detected in LC-MS/MS, we used whole cell lysate of HEK 293T cells overexpressing CLOCK and BMAL1 for the LC-MS/MS. We determined proteins that could potentially bind to CLK8 using a minimum threshold for peptide spectrum matches and coverage equal to those used for the main target, CLOCK. We also excluded proteins that were detected in negative controls of the CRAPome database (35) , assuming them to be abundant sticky proteins. In the presence of the competitor (CLK8), CLOCK was not detected by MS/MS, which explicitly showed the specificity of the binding. BMAL1 was detected in small amounts when the competitor was present. A decrease in the amount of the neuron navigator NAV2 in the presence of the competitor identified it as a possible off-target of CLK8 (Table 1) .
The docking results showed that CLK8 ( Fig. 3A) could bind in the hollow created between the α2 helix of the bHLH domain and the Hβ strand of the PAS-A domain of CLOCK (Fig. 3B) . The molecular dynamics simulation of the CLOCK:BMAL1 heterodimer indicated that this hollow was where Arg126 of BMAL1 entered and interacted with Phe80 of CLOCK, a conserved hydrophobic core residue on the α2 helix of the bHLH domain ( Fig. 3B, C) . The docking results indicated that Phe80 also may be involved in the CLOCK-CLK8 interaction. Lys220 also was shown to play an important role in the CLOCK-CLK8 interaction through a cation-pi interaction. To confirm this hollow as the CLK8 binding site, we replaced Phe80 and Lys220 of CLOCK with Ala residues by site-directed mutagenesis using appropriate primers (Supporting information). After generating the double mutant (CLOCK-F80A-K220A), we determined the effect of the mutations on the functions of CLOCK by transactivation assay. To evaluate the functional consequences of these mutations on clock function, we monitored the activity of Per1:luc using Clock/Bmal1 and Clock-F80A-K220A/Bmal1 in HEK 293T cells. The results showed that both wild-type and mutant CLOCK had the same degree of activation on the Per1:luc reporter along with BMAL1 ( Fig. 3D) . Consequently, we used HEK 293T cells overexpressing CLOCK-F80A-K220A and BMAL1 to verify the predicted binding site of CLK8. We performed a pull-down assay using biotinylated CLK8 in the absence and presence of the competitor (CLK8). The results clearly indicated that mutant CLOCK did not precipitate with biotinylated CLK8 to the same extent as wildtype CLOCK (Fig. 3E) . Besides, the very small amount of precipitated mutant CLOCK did not disappear in the presence of the competitor (CLK8), indicating that CLK8 bound to the computationally predicted region ( Fig. 3B) . Notably, BMAL1 did not appear in the western blot, as was the case in the pull-down experiment with wild-type CLOCK ( Fig.  3E ), suggesting that BMAL1 came along with wildtype CLOCK rather than because of non-specific binding to CLK8.
Interaction Between CLOCK and BMAL1 in the Presence of CLK8
The mammalian two-hybrid results implied that CLK8 reduced the interaction between CLOCK and BMAL1. We used a co-immunoprecipitation assay to verify this finding. HEK 293T cells were transfected with plasmids encoding Flag-tagged Clock and Bmal1. An anti-FLAG resin was used to precipitate FLAG-CLOCK after adding 10 μM or 40 μM of CLK8. Whereas FLAG-CLOCK was precipitated to the same extent in all the samples, the amount of precipitated BMAL1 was reduced at the higher concentration of CLK8 (Fig. 4A) . These results suggested that the interaction between CLOCK and BMAL1 decreased at the higher concentration of CLK8 ( Fig. 4A ). If this is true, the interaction between CLOCK-F80A-K220A and BMAL1 should not be affected in the presence of CLK8. We repeated the pull-down assays side by side using both the mutant and wild-type CLOCK. The results showed the BMAL1-CLOCK interaction was reduced in the presence of CLK8, whereas the interaction between CLOCK-F80A-K220A and BMAL1 was not affected, even at 40 μM CLK8 (Fig. 4A) . These results suggest that CLK8 interfered with the interaction between CLOCK and BMAL1.
Effect of CLK8 on Subcellular Localization of CLOCK
The localization and degradation of CLOCK is regulated by its direct interaction with BMAL1 (36) . We hypothesized that the inability of CLOCK to bind to BMAL1 in the presence of CLK8 might alter its subcellular localization. To test this idea, U2OS cells treated with 20 µM of CLK8 were fractionated and the cytosolic and nuclear proteins were isolated. Proteins that are specifically localized in the nucleus (histone-H3) and cytoplasm (tubulin) were used as controls to evaluate the purity of the fractions (Fig. 4B) . The results indicated that the translocation of CLOCK into the nucleus was affected by the presence of CLK8 compared with the control samples without CLK8. The levels of PER2, NPAS2, BMAL1, and CRY1 were comparable to their levels in the control samples (Fig. 4B) . These results suggested that the amount of CLOCK in the nucleus was reduced in the presence of CLK8, and this affected the stoichiometry of the BMAL1:CLOCK dimer in the nucleus. Considering the CRY1 and PER2 levels were unaltered, we expected the negative feedback loop would be more effective on CLOCK/BMAL1 transactivation. To evaluate this possibility, U2OS cells were synchronized with dexamethasone and treated with CLK8. Then, the cells were collected every 6 h to measure the transcriptional and protein levels of core clock components. The oscillatory amplitude of Clock expression was generally lower in the CLK8-treated cells (Fig. 5A, B) . In particular, the protein levels of CLOCK and BMAL1 in the positive arm of the oscillator were reduced (Fig.  5A) ; however, the overall transcriptional level of Clock was not statistically significant ( Fig. 5B) . Furthermore, CRY1 and PER2, which are components of the negative arm of the oscillator, showed comparable protein abundances in the presence and absence of CLK8 ( Fig. 5A) despite their transcript levels being significantly reduced ( Fig. 5B) . These results suggested that CLK8 caused a reduction in protein levels in the positive arm (BMAL1 and CLOCK) without altering the protein levels in the negative arm (CRY and PER), and therefore caused the reduction in transcriptional levels of clock-controlled genes (Cry1, Per2, Reverb, Roar, and Dbp). These results suggested that stabilization of the repression arm by CRY and PER reduced CLOCK/BMAL1 transactivation and led to enhanced overall circadian amplitude in the cell lines.
In vivo Effect of CLK8 on Mice Liver
The in vitro studies suggested that CLK8 specifically bound to CLOCK and inhibited its interaction with BMAL1, thereby interfering with nuclear translocation. First, we evaluated the toxicity of CLK8 in vivo by performing a single dose toxicity study. CLK8 was administered intraperitoneally to C57BL/6J mice at doses of 5, 25, 300, and 1000 mg/kg. General toxicity was evaluated by mortality, body weight changes, body temperature, clinical signs, food and water consumption, behavior assessment, and gross findings at terminal necropsy. Animals treated with 300 and 1000 mg/kg of CLK8 exhibited the following clinical symptoms: dyspnea, hyporeflexia, reduced locomotor activity, piloerection, hunched posture, and corneal opacity, so these doses were considered as lethal dose and the animals were scarified for ethical reasons. No mortality or clinical signs were observed at the other doses (5 and 25 mg/kg) of CLK8; therefore, we selected the 25 kg/mg dose for use in our study. To assess its in vivo effect, CLK8 was administered intraperitoneally into mouse at 25 mg/kg. Mice were sacrificed 6 h after the injection and all the organs were kept for downstream analysis. A decrease in CLOCK levels was detected in whole cell lysates of the mouse livers ( Fig. 6A) , whereas the levels of BMAL1 and CRY1 were unaltered (Fig. 6A) . To further analyze the CLOCK levels in the cytosolic and nuclear fractions of the mouse livers, we fractionated liver samples from vehicle-and CLK8treated animals euthanized 6 h after administration and separately isolated the cytosolic and nuclear proteins. Proteins known to be specifically localized in the nucleus (histone-H3) and cytoplasm (tubulin) were used as controls to evaluate the purity of the fractions (Fig. 6B) . The abundance of CLOCK in the nucleus was significantly lower in the mice treated with CLK8 compared with its abundance in the control animals ( Fig. 6B) . However, the abundances of cytosolic and nuclear BMAL1 and CRY1 were unaltered in the CLK8-treated mice liver compared with the controls (Fig. 6B) . To further explore the influence of CLK8 on circadian transcriptional function in vivo we measured the Bmal1, Clock, and Cry1 transcriptional levels by qPCR. The Cry1 transcriptional level was the only one that was significantly changed in the CLK8treated mice compared with the transcriptional levels in the untreated mice ( Fig. 6C) . All the in vivo data were consistent with the in vitro data, which suggested that CLK8 had the same phenotype in mice liver.
Discussion
We identified a novel CLOCK-binding small molecule CLK8 that affected the translocation of CLOCK into the nucleus by modulating the BMAL1-CLOCK interaction. We used a targetdirected structure-based design method to disrupt or enhance the circadian clock. Among the core clock components, only the main repressor CRY1 had been considered as a target for small molecule modification, leaving the activators of the feedback loops as novel targets (16, 37) . The clockmodulating small molecule CLK8 is the first compound to be identified that binds to CLOCK, a core protein in generating the circadian rhythm. The computationally predicted binding domain was a hollow between the α2 helix of the bHLH domain and the Hβ strand of the PAS-A domain of CLOCK. Although three of the four core clock components contain PAS domains, the pull-down assay and LC-MS/MS results confirmed the specific binding of CLK8 to CLOCK.
CLK8 enhanced the reporter rhythm amplitude persistently, and also advanced the first trough immediately after treatment. Although the exact molecular mechanisms involved in producing these effects may be complex, our results showed that CLK8 partially inhibited the CLOCK-BMAL1 interaction. This inhibition resulted in a reduction of CLOCK:BMAL1 dimerization and, in turn, a reduction in the translocation of CLOCK into the nucleus. Indeed, it has been shown that phosphorylation of CLOCK upon its dimerization with BMAL1 led to its nuclear localization and degradation (36, 38) . Different studies have indicated the importance of the stoichiometric relationships between core clock components in determining the circadian rhythm properties (27, 39) . These studies support the possibility of enhancing the amplitude or shortening the period by altering the levels or activities of the positive and negative arms of the TTFL of the circadian clock (13) . Our data suggest that CLK8 can affect the amplitude of circadian rhythm by decreasing the amount of CLOCK (Fig. 7) , without affecting the protein levels in the negative arm (CRY and PER2). Another small molecule nobiletin, a natural polymethoxylated flavonoid, also has amplitude enhancement and period shortening effects through the ROR nuclear receptors that function in stabilizing the negative arm of the TTFL, the molecular oscillator, by elevating the PER2 level (40) . Our data suggested that stabilization of the negative arm of the core clock mechanism by decreasing the PER2 level in the positive arm of the TTFL also enhanced the amplitude.
The complexity of the mechanism became more apparent when the expression levels of the clock output genes, DBP and PER2, were found to be reduced despite the decreased interaction between CLOCK and BMAL1 in the presence of CLK8. A possible explanation is that a reduction of CLOCK/BMAL entry into the nucleus resulted in the strengthening of the repressor activity of CRY/PER on CLOCK/BMAL driven transcription.
By taking together our results, we propose CLK8 as a novel CLOCK-binding compound that can be used to enhance circadian rhythm. This clock-enhancing small molecule may be a lead compound for new therapeutics in the prevention and treatment of diseases associated with dampened amplitude.
Further pharmacodynamic and pharmacokinetic studies will help to elucidate its exact mechanism of action and possible required chemical modifications of this compound. Understanding the mechanism of action itself will improve our understanding of the circadian clock regulatory mechanism.
Experimental Procedures Molecular Dynamics of CLOCK
The initial structure of the CLOCK protein was obtained from the Protein Data Bank (PDB ID: 4F3L) (23). Molecular Dynamic (MD) simulations were carried out by NAMD (41) software using CHARMM force field. First, the protein structure files (PSF) for MD simulations were prepared by VMD (42) after removing crystallographic water molecules and adding hydrogen atoms using AutoDockTools4 (43) . Using the psfgen package, atom and residue names were replaced with the ones recognized by NAMD. Then, the structure was dissolved in a water-box and the system was ionized. In the first 10,000 steps of minimization, the backbone was fixed. Further 10,000 steps of minimization were performed on all atoms with no pressure control. Subsequently, the system was brought to physiological temperature (310 K) by 10 K increments with 10 ps simulation for each increment in which alpha-carbons were restrained.
The constraint scaling decreases from 1 to 0.25 kcal/(mol Å 2 ) in 0.25 increments, with each increment being 5,000 steps. Further 90,000 steps with zero constraint scaling were performed as the final part of energy minimization before RMSD of protein was converged and stabilized. MD simulation for equilibrium was performed using the Langevin dynamics at 310 K with a damping coefficient of 5 ps -1 , 1 atm constant pressure and the Langevin piston period and decay of 100 and 50 fs respectively. The bonded interactions, the van der Waals interaction with 12Å cutoff, and the longrange electrostatic interactions with the particlemesh Ewald (PME) were considered in the calculations of the forces acting on the system. At the end, the RMSD of the CLOCK backbone with respect to its initial structure showed that the equilibrium was reached after 3-4 ns. The final structure of the CLOCK after 10 ns of simulation was used as the receptor for docking step.
Docking Setup
After MD simulations, water molecules of the system were deleted and the PDBQT file of the receptor, CLOCK, was prepared using AutoDockTools4 (43) . The library of commercially available small molecules (by Ambinter) was filtered according to "Lipinski's Rule of Five" (30) considering a maximum limit of one violation. Finally, approximately 2 million small molecules were selected for docking. PDBQT files of ligands were prepared by means of an automated script in Python language. We used AutoDock Vina for estimating protein-ligand affinity and predicting the best binding conformations of the compounds (29) . The search space was defined to include the whole CLOCK protein to perform blind docking. The exhaustiveness was set as the default. Ultimately, the compounds were ranked based on their binding affinities (kcal/mol). The protein-compound interactions of the top 500 hit compounds were visually examined by the Discovery Studio Visualizer. The threshold value for hydrogen bonding was set as 3.4 Å and the accessible surface area was created considering a radius of 1.4 Å for solvent molecules. In the process of selecting hit molecules, compounds with docking positions far from CLOCK:BMAL1 protein interfaces were eliminated. Diversity in both binding region and chemical structure and shape complementarity as other important factors contributing in proteinligand interactions were considered.
Cell Cytotoxicity Test
We measured cell viability with MTTbased cell cytotoxicity test. U2OS cells were seeded on 96-well plate with 4 × 10 3 cell/well density. Two days later, the cells were treated with an appropriate amount of different small molecules. Control cells were treated with 0.5% vehicle (DMSO (Biofroxx, catalog number1264)). After 48 hours, the media was replaced with a 20% solution of 5mg/ml MTT in DMEM (Gibco, catalog number 41966-029). After 4 hours of incubation, the media was discarded and a 1:1 solution of ethanol and DMSO was used to dissolve the formazan crystals. Cell viability was measured as stated in Sigma-Aldrich product information.
Mammalian Two-hybrid Assay
The procedure was carried out according to Checkmate-Promega's protocol. Samples were examined in triplicate sets in a 96-well plate. HEK293T cells with the density of 4×10 4 cell/well were transfected with 50 ng of pG5-luc, 50 ng of pACT-mBmal1, 50 ng of pBind-hsClock plasmids and 0.5 ng of pRL-TK for normalization. Following the transfection, the cells were treated with different concentrations of small molecules. Control cells were treated with 0.5% vehicle (DMSO). Ultimately, luminescence was measured using Dual-Luciferase Reporter Assay System (Promega, catalog number 6066706) with Fluoroskan Ascent FL plate reader.
Real-Time Monitoring of Circadian Rhythm
We used Bmal1-dLuc U2OS and Bmal1-dLuc NIH 3T3cell lines. We continuously monitored the bioluminescence to record circadian rhythm of these cell lines. This experiment was performed in 96-well plates (triplicates) and 35-mm dishes (duplicates) in the secondary screen and detailed characterization steps respectively. Briefly, cells were seeded to reach confluency. A day after, the medium was replaced with DMEM containing 0.1 µM Dexamethasone (Sigma, catalog number D-8893) to synchronize cells. Two hour later, 0.1 mM of Luciferin (Promega, catalog number E160C) was freshly added to the recording medium (low glucose DMEM powder (with L-glutamine) supplemented with 10 mM HEPES (Gibco, catalog number 15630-080) , 0.35 mg/ml sodium bicarbonate, 3.5 mg/ml D-(+)-glucose powder, 5% FBS (Gibco, catalog number 16000044), 0.1 mM NEAA (Multicell, catalog number 321-011-EL), 100U/ml penicillin and 100 mg/ml streptomycin (Multicell, catalog number 450-201-EL). Then, the medium was replaced with recording medium containing appropriate amount of each compound. Control cells were treated with 0.5% vehicle (DMSO). For a detailed characterization of CLK8, whenever required, and without any further medium change, small molecule treatment was postponed to two days after bioluminescence recording started. The 96-well plates were covered, and bioluminescence was monitored by Synergy H1 Hybrid Multi-Mode Reader every 32 minutes. Similarly, we sealed the 35-mm plates with vacuum grease prior to mounting them on a LumiCycle luminometer (Actimetrics). Bioluminescence was recorded every 10 minutes for 4-6 days. Raw data (counts/sec) were plotted against time. The period and amplitude parameters were obtained using LumiCycle Analysis software (Actimetrics). First, the raw data was baseline fitted (n=1), and then the baseline-subtracted data was fitted to a sine wave (damped). The first day's data was excluded from the analysis due to transient perturbations of luminescence after the medium change.
Pull-down Assay
HEK293T cells were transiently transfected with tag-free hsClock and mBmal1. After 48 hours of transfection, cells were harvested and whole cell lysate was prepared with ice-cold lysis buffer (50 mM Tris-HCl pH 7.4, 2 mM EDTA, 1 mM MgCl2, 0.2% NP-40, 1 mM sodium orthovanadate, 1 mM sodium fluoride and protease inhibitor cocktail) followed by centrifugation at 7,000×g at 4°C for 10 minutes. Lysate was diluted with ice-cold 2X binding buffer (100 mM Tris-HCl pH 7.4, 300 mM NaCl, 0.2% NP-40, 2 mM sodium orthovanadate, 2 mM sodium fluoride, and protease inhibitor cocktail) The lysate was divided into three fractions to be treated with either DMSO, or 20μM of bitoinylated-CLK8 (bait) with or without 200μM CLK8 (competitor). The lysate-compound samples were incubated and mixed continuously at 4°C for 1 hour. After equilibrating NeutroAvidin Agarose resin (Thermo Scientific, catalog number 29200) with lysis buffer, the lysate-compound mixture and NeutroAvidin Agarose resin were incubated and mixed continuously at 4°C overnight. The beads were washed four times with 1X binding buffer. To elute the bound proteins Laemmli buffer was added and samples were heated at 95°C for 7 minutes. The pull-down precipitates were subjected to SDS-PAGE and transferred to a PVDF membrane (Millipore). Anti-CLOCK (Bethyl Lab, inc with catalog number A302-618A) and anti-BMAL1 (Santa Cruz Biotechnology, catalog number sc-365645) antibodies were used to detect CLOCK and BMAL1 proteins respectively. The LC-MS/MS examination of the pull-down precipitates was performed in Koc University's Proteomics Facility (Istanbul, Turkey). Bitoinylated-CLK8 and CLK8 were synthesized by Enamine, Ukraine.
Co-Immunoprecipitation
HEK 293T cells co-expressing wild type or F80A-K220A mutant FLAG-tagged hsCLOCK together with tag-free mBMAL1 were lysed with ice-cold lysis buffer (50 mM Tris-HCl pH 7.7, 150 mM NaCl, 0.1 % Triton X-100, 1mM PMSF and protease inhibitor cocktail) and centrifuged at 15000×g at 4°C for 20 minutes. DMSO and different concentrations of CLK8 were added to the whole cell lysate. The mixtures were incubated with anti-FLAG M2 affinity gel (Sigma-Aldrich, catalog number A2220) at 4°C overnight with continuous mixing. After three wash steps, bound proteins were eluted with Laemmli buffer heated at 95°C for 7 minutes. At the end of the western blot analysis, CLOCK and BMAL1 were detected by monoclonal anti-FLAG M2 antibody (Sigma-Aldrich, catalog number F1804) and anti-BMAL1 (Santa Cruz Biotechnology, catalog number sc-365645) respectively. The amount of co-precipitated BMAL1 was normalized with the amount of precipitated CLOCK.
mRNA and Protein Analysis
Unsynchronized Bmal1-dLuc U2OScells were seeded on 6-well dishes as described in (44) . Confluent cells were treated with an appropriate amount of CLK8 for 48 hours. Control cells were treated with 0.5% vehicle (DMSO). After harvesting the cells, mRNAs were isolated (RNeasy, QIAGEN with catalog number 74104) and converted to cDNA (Thermo Scientific). Finally, cDNAs were subjected to SYBR Greenbased RT-qPCR assay. PRLP0 was used as an internal control. The primers used in RT-qPCR are listed in supporting information. For western blot analysis RIPA buffer was used to prepare whole cell lysates. The amount of protein for each sample was normalized to the β-ACTIN amount detected by β-Actin antibody (Cell Signaling, catalog number 3700).
Luciferase Degradation Assay
The procedure was similar to the one described in a previous study (16) . Briefly, HEK 293T cells were seeded in triplicates in opaque 96well plates 24 hours prior to transfection. Cells were transiently transfected with 10 ng of pcDNA-luc plasmid. After 24 hours, cells were treated with different concentrations of CLK8 or DMSO. A day later, luciferin and HEPES (pH 7.2) were added to the medium to the final concentrations of 0.4 mM and 10 mM respectively and incubated for one hour. Subsequently, protein synthesis was ceased by CHX (cycloheximide) treatment and the luminescence signal was recorded by Synergy H1 Hybrid Multi-Mode Reader for 20 hours. The results were first normalized and then fitted to one-phase decay to calculate the half-life of Luciferase protein.
Transactivation Assay
HEK 293T cells with the density of 4×10 4 cell/well were transfected with 50 ng of mPer1-luc, 50 ng of Sport6-Bmal1 and 125 ng of Sport6-Clock (wild type) or 125 ng of Sport6-Clock(F80A-K220A) plasmids and 0.5 ng of pRL-TK for normalization. The same experiment was also performed using Flag-tagged constructs of CLOCK instead. Dual-Luciferase Reporter Assay System (Promega) was used to measure the luminescence by Fluoroskan Ascent FL plate reader.
Site-directed Mutagenesis
Site-directed mutagenesis of Sport6-hsClock and pCMV-Flag-hsClock was performed using platinum Pfx DNA polymerase (Invitrogen) as described in the product's manual. The primer sets are listed in Supporting information.
Cytosol-Nuclear Fractionation
U2OS cells treated with 20 µM CLK8 and 0.5% DMSO were used for fractionation analysis. The 4x10 5 was suspended in 500 ul cytosolic lysis buffer (10 mM HEPES pH 7,9, 10 mM KCl, 0,1 mM EDTA, 0,05 % NP40 with protease inhibitors (Thermo Scientific, catalog number 79429) and incubated on ice for 10 minutes. The lysate was centrifuged for 3 minutes at 3,000 rpm at 4 ºC. The resulting supernatant was centrifuged one more time and supernatant collected as cytosolic fraction. On the other hand, the resulting pellet from lysate centrifugation was suspended in nuclear lysis buffer (20 mM HEPES pH 7,9, 0,4 M NaCl, 1 mM EDTA, 10 % glycerol with protease inhibitors) and sonicated 2 times 10 seconds with 60% power. After centrifuge at 15,000 g for 5 minutes at 4 ºC, supernatant was collected as nuclear fraction. Collected fractions were used for Western Blot analysis. Fractionation efficiency was checked with Western Blot by using tubulin (Sigma, catalog number T9026) as cytosolic marker and Histone-H3 (abcam, catalog number ab1791) as nuclear marker.
Lentivirus Production and Transduction
HEK 293T cells at 75-85% confluency were transfected with 10 ng of pLV6-Bmal1-dluc plasmid, 9 ng of pCMV-∆R8.2dvpr packaging vector and 1 ng of pCMV-VSVG envelope vector for 16 h. Next day, the medium was replaced with fresh growth medium. As lentiviral particles were harvested at 72-hour and 96-hour posttransfection. Clock-deficient or wild type MDA MB231 as described in (45) and primary MSF cells were transduced with Bmal1-dluc lentiviral particles for 16 h. Mouse Skin Fibroblast (MSF) cells were kindly provided by Dr. Aziz Sancar (University of North Carolina at Chapel Hill, NC, USA) and it was described previously (46) . Medium was replaced fresh growth medium and transduction was repeated one more time. At 72-hour posttransduction cells were synchronized with 0.1 µM dexamethasone and the circadian rhythms of cells monitored using Lumicycle as described above.
In vivo Studies in Mouse Liver
Male C57BL/6J mice, 8 weeks of age, weighing 18-24 g were treated with two different single doses of CLK8 (25 mg/kg n=5 per each dose) intraperitoneally. Control mice (n=3) were only treated with vehicle (DMSO:Cremophor EL:0.9% NaCl; 2.5:15:82.5, v/v, i.p.). Water and food were provided ad libitum throughout the experiments. Six hours after injection, mice were sacrificed by cervical dislocation. Liver tissues were removed, frozen in liquid nitrogen and stored at -80°C until further processing.
Investigators agreed to abide by Good Animal Practice guidelines and under the guiding principles detailed in the Declaration of Helsinki, and in accordance with any applicable local law(s) and regulation(s). Mice were obtained from Koç University Animal Research Facility (KUTTAM) and experiments were conducted in accordance with the guidelines approved for animal experimental procedures by the Koc University Animal Research Local Ethics Committee (No: 2018/011).
Quantification of Western Blot
All Western blots were obtained from Bio-Rad ChemiDoc Imaging System and the amount of each protein was quantified using Image Lab Software applying volume tools.
Statistical Analysis
Statistical significance was evaluated using one-way or two-way analysis of variance (ANOVA), followed by a Tukey's multiple comparisons test using Prism software (GraphPad Software). Biological replica was at least n=3 for all of the experiments. [*p-value<0.05, **p-value<0.01, ***p-value<0.001.]
FOOTNOTES
This work was supported by a TUBITAK KBAG (118Z140) grant. Table 1 . Potential targets of CLK8. Whole cell lysates of HEK293T cells overexpressing Clock and Bmal1 were incubated with 20 μM of biotinylated CLK8. When needed, CLK8 was added as a competitor. Precipitated proteins in the pull down assay were subjected to LC-MS/MS. The peptide spectrum matches and coverage of the main target, CLOCK, were considered as the threshold in data analysis. Proteins with PSM and coverage lower than threshold were eliminated. 
